Summary Understory red spruce (Picea rubens Sarg.) trees, between 20 and 50 cm in height and 12 years or more in age, were collected from mid-and high-elevation stands in northcentral Vermont and placed in a closed-cuvette system to measure photosynthetic and transpirational responses to photosynthetic photon flux density (PPFD) and temperature. Photosynthesis, dark respiration, transpiration and water-use efficiency of trees from both stands responded to changes in PPFD and temperature in similar ways. Trees from both stands exhibited maximum rates of net photosynthesis at temperatures between 15 and 20 °C, and exposure to higher temperatures resulted in reduced rates of photosynthesis and increased rates of respiration. Net photosynthetic rates generally increased with increasing light intensity but began to level off at 250 µmol m −2 s −1
Introduction
During the past 30 years, many studies have investigated the decline of red spruce (Picea rubens Sarg.) throughout the Appalachian Mountains (Siccama et al. 1982 , Johnson 1983 , Johnson and Siccama 1983 , a decline which closely parallels that of Norway spruce (Picea abies (L.) Karst.) in Europe (Tomlinson 1983 , Liedecker et al. 1988 . Upper-elevation stands of red spruce exhibit more severe symptoms of decline than lower-elevation stands (Johnson 1983 , Donnelly et al. 1985 , and over 50% mortality has occurred in some stands in the Green Mountains since 1965 (Vogelmann 1982) . Recent studies suggest that red spruce has limited genetic variability that restricts its adaptability (DeHayes and Hawley 1992) . The species also appears to be only marginally adapted to winter conditions in its native habitat (DeHayes et al. 1990 ), which could account for its decline, especially at upper elevations where both winter temperatures and the observed decline are most severe (Johnson 1983 , Donnelly et al. 1985 . Based on these observations, we postulated that small changes in current environmental conditions might significantly influence red spruce physiology, especially at high-elevation sites.
The predominant symptom associated with red spruce decline is a progressive loss of overstory foliage. Canopy deterioration leads to increased light penetration to the understory (Perkins et al. 1987) . Thus, red spruce understory trees are subjected to increased solar irradiance in declining stands, including exposure to full sunlight in larger canopy gaps. Full sunlight is known to inhibit photosynthesis in Engelmann spruce (Picea engelmannii Parry) (Ronco 1970 , Kaufmann 1976 . Moreover, increased irradiance at the forest floor will increase understory air temperatures, and temperatures of about 30 °C are superoptimal for photosynthesis in several temperate zone conifers including Sitka spruce (Picea sitchensis (Bong.) Carr.) (Neilson et al. 1972) , white spruce (Picea glauca (Moench) Voss) (Goldstein et al. 1985) , and Douglasfir (Pseudotsuga menziesii (Mirb.) Franco) (Sorenson and Ferrell 1973) . To assess the possible impact of overstory foliage loss on red spruce understory trees, we therefore investigated the response of understory red spruce trees from mid-and high-elevation sites to a combination of four temperatures and four irradiances.
Materials and methods

Plant material
During summer 1989, understory red spruce trees were collected from a declining, high-elevation (945 m) stand on the western face of Mt. Abraham near Lincoln, Vermont and from a more vigorous, mid-elevation (380 m) stand on a gentle, east slope at Texas Falls, near Hancock, Vermont. These stands were chosen because of the observed difference in stand health, differences in elevation, and because physical and biological characteristics of both stands have been studied previously and described by Donnelly et al. (1985) and Snyder (1990 Once a week from June 30 until September 2 (10 weeks), 16 understory trees, between 20 and 50 cm in height and 12 years or more in age, were collected at random from each stand. Only trees that appeared vigorous and were growing in the shade of a closed canopy were selected. A sharpened section of 20-cm diameter PVC pipe was placed over each tree and forced into the soil to a depth of 15 cm; trees and their soil-cores were then removed and a nylon mesh secured over the bottom of each pipe. The trees were transported to the laboratory where they were kept well watered.
Experimental apparatus
The closed-cuvette gas analysis system used in this study is a modified version of that described by Wilmot (1987) . A programmed Zi-Tech DT100 datalogger (Zi-Tech Inst. Corp., Mountain View, CA) maintained cuvette CO 2 concentration, relative humidity and temperature within predetermined ranges. Net photosynthesis of the entire aboveground portion of each tree was calculated by monitoring rates of CO 2 depletion over a 45-min period with a Beckman model 865 infrared gas analyzer. Carbon dioxide concentration was maintained between 340 and 320 µl l −1 , which at that time straddled the global average of 330 µl l −1 (Harrington 1987) , through periodic additions of CO 2 -enriched air. Relative humidity was maintained between 55 and 60% by automated removal of water vapor from the cuvette air by means of a column of silica gel desiccant. Transpiration rate of the aboveground portion of each plant was determined by monitoring the amount of water vapor removed to maintain near constant relative humidity over the 45-min sampling period. Temperature was maintained within ± 0.5 °C of the treatment temperature by controlling the flow of cool water through insulated copper tubing surrounding the cuvette.
Treatments and measurements
Treatments consisted of all combinations of four photosynthetic photon flux densities (PPFDs) (100, 250, 400 and 550
) and four temperatures (15, 20, 25 and 30 °C) , and corresponded to the observed range of understory conditions. The light source was a 1000-W Sylvania Metalarc continuous spectrum lamp and the different irradiances were achieved by the use of shade cloth and by making small adjustments in the height of the lamp.
Following collection, the experimental trees were maintained for between 2 and 6 days in a controlled-environment chamber that provided light and temperature conditions similar to those in the forest. Each tree was then watered to excess and placed in a controlled-environment chamber and allowed to acclimate for 90 min to one of the experimental light/temperature treatment combinations. Preliminary studies indicated that a 90-min acclimation period was adequate to achieve stable gas exchange measurements. Following acclimation, trees were sealed in the cuvette, and rates of net photosynthesis and transpiration were determined. Needles were removed from each tree following gas exchange analyses and oven dried to a constant weight at 50 °C. Leaf area was estimated by weighing dried needles and estimating fresh needle area by means of a previously developed regression equation (r 2 = 0.99). The regression equation was obtained by measuring fresh leaf area (with an LI-3000 leaf area meter, Li-Cor Inc.) and dry weight of 10 batches of needles from trees from the two study sites. Net photosynthesis and transpiration were expressed on a leaf area basis (µmol CO 2 m −2 s −1 and mmol
, respectively) by dividing whole plant values by their leaf areas.
Before the start of the experiment, trees from each stand were randomly assigned collection dates and treatment numbers. The order of temperature treatment within a week and light treatment within a day were also randomly chosen at the start of each week. Eight trees, one at each of the four irradiances from each of the two stands, were analyzed at a single temperature on a given day. By repeating this arrangement on four consecutive days, with a different temperature each day, one replication of this experiment was completed every four days. The entire procedure, from tree collection through analysis, was repeated each week for 10 weeks, following a splitsplit plot design. Thus, with two stands (main plot), four temperature treatments (sub-plot), four light treatments (subsub-plot), and 10 replications, a total of 320 trees were sampled.
Data analyses
Data were tested for statistical assumptions of normality and equality of variance. As data for both transpiration and net photosynthesis failed to meet the equality of variance assumption, photosynthesis data were transformed using the square root of a given net photosynthesis value plus 10 and transpiration data were log-transformed. Subsequently, data were subjected to analysis of variance and Duncan's multiple range test to distinguish differences in response among light/temperature treatments, between stands and among replications (weeks). In all cases, differences were accepted as statistically significant if P ≤ 0.05.
Results and discussion
There were no differences in rates of net photosynthesis and transpiration between trees from the two stands, and all subsequent analyses were made after combining the data for the two sets of trees. The absence of differences in gas exchange rates between trees from the mid-and high-elevation stands may reflect the low genetic variability of red spruce (DeHayes and Hawley 1992), or the similarity of the environmental conditions at the two stands, or both. ). Snyder (1990) reported minor differences in carbohydrate storage and allocation patterns between these same populations of red spruce in 1989. Although McLaughlin et al. (1990) also reported similarities in growing conditions at a high-and a low-elevation site in the southern Appalachians and a lack of differential adaptation in morphological characteristics of foliage at the two sites, they observed that red spruce saplings at the high-elevation site had lower net photosynthesis than saplings at the low-elevation site, a finding that was tentatively associated with greater heavy metal concentrations in upper-elevation soils.
Net photosynthesis
There was a significant difference in overall mean net photosynthesis between Week 6 (1.15 µmol m −2 s . In a separate study we observed inhibition of photosynthesis at high irradiances. In two trees, at 30 °C, photosynthetic rates at irradiances of 1200 and 1600 µmol m . Similar results have been reported for Sitka spruce by Morison and Jarvis (1983) and Leverenz and Jarvis (1979) , for Douglas-fir by Meinzer (1982) and for shadeadapted foliage of Norway spruce and black spruce (Picea mariana (Mill.) B.S.P.) by Leverenz (1987) . Leverenz found net photosynthesis in both species began to plateau at about 500 µmol m −2 s −1 . The shape of the response surface of net photosynthesis to increasing temperature was similar at all irradiances (Figure 1) , indicating no light × temperature interaction. This is contrary to the findings of Manley and Ledig (1979) . However, the study by Manley and Ledig included irradiances lower than those in the present study.
The increase in rates of net photosynthesis with increasing PPFD can be explained on the basis of increases in available energy (Teskey et al. 1986 ); however, the reason for the diminishing rate of increase above 250 µmol m −2 s −1 is uncertain. We computed leaf conductance (sum of stomatal, cuticular and boundary layer factors) through rearrangement of Ohm's law (Kramer 1983) (Figure 2 ). Because each value reported in Figure 2 is based on a mean transpiration rate at measured values of temperature and relative humidity, error terms are not presented. At 15 and 20 °C, there were relatively large decreases in leaf conductance at PPFDs above 250 µmol m −2 s −1 (Figure 2 ). Thus at these temperatures, increases in available light energy were offset by decreases in leaf conductance, resulting in a plateau in photosynthetic rate (Figure 1) . However, we did not find correspondingly large decreases in leaf conductance at 25 and 30 °C, indicating that at high temperatures, the plateau in photosynthetic rate was caused by changes in other plant processes, possibly including increases in mesophyll resistance (Neilson et al. 1972) . When averaged over all PPFDs, net photosynthesis was relatively constant between 15 and 20 °C, decreased between 20 and 25 °C, and decreased more sharply between 25 and 30 °C (Table 1) . Temperatures of around 30 °C have been observed to reduce net photosynthesis as a result of increased respiration in Douglas-fir (Sorenson and Ferrell 1973) , increased mesophyll resistance in Sitka spruce (Neilson et al. 1972) , and decreased stomatal conductance in white spruce (Goldstein et al. 1985) . In red spruce, the temperature-induced decreases in net photosynthesis were most likely due to temperature-induced increases in respiration. Although there was no significant increase in dark respiration rates between 15 and 20 °C (Table 1) , dark respiration rates increased by about 44% at 25 °C, and at 30 °C the rates were more than double those at 20 °C.
Transpiration
There were no seasonal differences among weekly mean transpiration rates. When averaged across all temperatures, transpiration increased with increasing PPFD between 100 and 250 µmol m −2 s −1
, but at higher PPFDs, the average transpiration rate remained relatively constant (Table 1) . This consistency was due, at least in part, to compensating differences among temperature treatments in response to increasing light. At 15 and 20 °C, transpiration at 400 and 550 µmol m −2 s −1 tended to be less than at 250 µmol m −2 s −1 (Figure 3 ), whereas at 25 °C, transpiration rates were similar at 250 and 400 µmol m −2 s −1 but increased at 550 µmol m −2 s . Temperature-induced variations in transpiration were larger than light-induced variations. Average transpiration at 30 °C was over four times greater than at 15 °C. In contrast, average transpiration at 550 µmol m −2 s −1 was only about 20% higher than at 100 µmol m −2 s −1
. Thus, temperature, rather than light, was the primary variable affecting transpiration.
Water-use efficiency
Water-use efficiency, defined as the ratio between rates of net carbon dioxide fixation and water vapor efflux, was higher at 550 than at 100 or 250 µmol m −2 s −1
, and was higher at 15 °C than at any other temperature (Table 1) . This pattern parallels the responses of photosynthesis and transpiration to changes in temperature and irradiance. Thus, net photosynthesis was higher at 550 µmol m −2 s −1 than at other PPFDs, whereas transpiration at 550 µmol m −2 s −1 was not significantly higher than at any other PPFD except 100 µmol m −2 s −1
. High wateruse efficiency at 15 °C was primarily due to low transpiration. Our data indicate that it is at higher temperatures, which red spruce trees may be increasingly exposed to as stand canopy deterioration increases, that WUE decreases. Although differences in mean net photosynthesis were found among temperature treatments, ranges in net photosynthesis for each temperature were similar (Figure 4 ). In contrast, there was much greater variability in transpiration within temperature treatments. The variation in transpiration response of the trees is of interest because we did not find differences between the stands in either net photosynthesis or transpiration, and red spruce is considered to exhibit low genetic variability (DeHayes and Hawley 1992). Transpiration rate is primarily a function of vapor pressure gradient and leaf conductance. Average leaf conductance was lower at 15 °C than at other temperatures (Table 1) , and this is consistent with reports documenting increased stomatal aperture at higher temperatures (Wilson 1948 , Stålfelt 1962 . The range in leaf conductance was also greatest at 15 °C. However, because transpiration rate is also a function of vapor pressure gradient, and because vapor pressure gradient at 30 °C was approximately double that at 15 °C, there was a greater range in transpiration at 30 °C (3 × 10 −5 to 9.4 × 10 −4 mol m −2 s ) (Figure 4 ). Additionally, transpiration was only weakly related to net photosynthesis at 15 °C (r = 0.37, P ≤ 0.05), but was more strongly related to net photosynthesis at 30 °C (r = 0.86, P ≤ 0.05). The variation in transpiration at a particular temperature was not due to changes in PPFD. For example, at 30 °C, the range in transpiration at 100 µmol m −2 s −1 was very similar to the range at 550 µmol m −2 s −1 (Figure 5 ).
The finding that some tree transpiration rates at 30 °C were similar to those of other trees at 15 °C suggests that stomata were partly closed in some trees measured at 30 °C. Stomata may play an increasingly important role in regulating gas exchange with rising temperature, resulting in greater individual tree variation in transpiration rate and a stronger correlation between transpiration and net photosynthesis with increased temperature.
Conclusions
Red spruce trees achieved approximately 82% of maximum net photosynthetic rate at PPFDs similar to those of sunflecks penetrating the canopy in natural stands, and maximum net photosynthesis occurred at temperatures of 15 to 20 °C, which are at or below average growing season temperatures found in these stands. Transpiration increased with PPFD to approximately 250 µmol m −2 s −1
, and increased with temperature to 25 °C. Water-use efficiency was highest at 550 µmol m −2 s −1
and at 15 °C due to a combination of high rates of net photosynthesis and low transpiration under these conditions. High rates of net photosynthesis were associated with correspondingly low rates of dark respiration; transpiration was lowest at 15 °C as a result of a combination of low vapor pressure deficit and low leaf conductance. We conclude that red spruce trees are well adapted to the relatively low light and temperature regimes that are typical of the understory of natural stands. However, increased irradiances and midday temperatures, particularly around advance regeneration near the forest floor, as a result of deteriorating canopies, are likely to have negative effects on both the energy balance and water relations of red spruce trees, at least in the short term. It remains, however, to be determined how advance regeneration adapts over time to increased irradiance resulting from overstory decline. . Each point represents a single seedling.
